Bisphenol A (BPA), a ubiquitous endocrine disruptor that is present in many household products, has been linked to obesity, cancer, and, most relevant here, childhood neurological disorders such as anxiety and hyperactivity. However, how BPA exposure translates into these neurodevelopmental disorders remains poorly understood. Here, we used zebrafish to link BPA mechanistically to disease etiology. Strikingly, treatment of embryonic zebrafish with very low-dose BPA (0.0068 μM, 1,000-fold lower than the accepted human daily exposure) and bisphenol S (BPS), a common analog used in BPA-free products, resulted in 180% and 240% increases, respectively, in neuronal birth (neurogenesis) within the hypothalamus, a highly conserved brain region involved in hyperactivity. Furthermore, restricted BPA/BPS exposure specifically during the neurogenic window caused later hyperactive behaviors in zebrafish larvae. Unexpectedly, we show that BPAmediated precocious neurogenesis and the concomitant behavioral phenotype were not dependent on predicted estrogen receptors but relied on androgen receptor-mediated up-regulation of aromatase. Although human epidemiological results are still emerging, an association between high maternal urinary BPA during gestation and hyperactivity and other behavioral disturbances in the child has been suggested. Our studies here provide mechanistic support that the neurogenic period indeed may be a window of vulnerability and uncovers previously unexplored avenues of research into how endocrine disruptors might perturb early brain development. Furthermore, our results show that BPA-free products are not necessarily safer and support the removal of all bisphenols from consumer merchandise.
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endocrine disruption | androgen receptor | aromatase | hyperactivity I n humans and rodent models, gestational exposure to bisphenol A (BPA) has been associated with increased risk of developing social (e.g., aggression), psychiatric (e.g., depression), and behavioral (e.g., hyperactivity) challenges later in life (1) (2) (3) (4) (5) (6) (7) . BPA is a compound used in the production of diverse consumer products, ranging from baby bottles to thermal paper used for credit card receipts (8) (9) (10) . Even though adults can experience adverse health following continued exposure to BPA, the fetal brain is especially vulnerable because of an immature xenobioticmetabolizing system and blood-brain barrier (11, 12) . Exactly how BPA exposure in utero translates into neurodevelopmental disorders later in life is only beginning to be explored (13) (14) (15) .
Despite a wide body of research illustrating adverse effects of BPA, controversy exists around the true effects of low-dose exposure, as is most often the case in humans. In accordance with standardized toxicological testing procedures, government agencies in the United States (the US Environmental Protection Agency, USEPA), Canada (Health Canada), and Europe (the European Food Safety Authority, EFSA) have established tolerable daily intake levels, ranging from 25-50 μg BPA·kg body weight (16) (17) (18) . Given these restrictions and societal pressure, manufacturers seeking BPA alternatives have turned to primarily bisphenol S (BPS) to produce "BPA-free" products (19) .
Indeed, a strong negative correlation between BPA and BPS levels exists, whereby thermal paper that contained high quantities of BPA (milligrams per gram) demonstrated low quantities of BPS (nanograms per gram), and vice versa, suggesting that BPS is the primary replacement for BPA in thermal receipts (20) . A recent examination of urine samples in the United States and Asia confirmed previous work showing that 93% of people had detectable levels of BPA but surprisingly showed that 81% had detectable levels of BPS, illustrating the wide-spread use of this poorly known bisphenol analog in consumer products (21) .
The physiological effects of BPA on adults are well documented, but the mode of BPA action on the developing brain has yet to be defined clearly, especially in the hypothalamus, which plays a known role in neuroendocrine disorders that are on the rise, including obesity and precocious puberty, as well as anxiety and hyperactivity (1, 2, 4, 10, 22) . BPA is commonly thought to exert its effects by acting as a weak estrogen receptor (ER) agonist (8) , although antagonism at androgen receptors (ARs) and thyroid receptors (ThRs) has been shown also (23) . Proliferating cells in the developing hypothalamus express ERs and ARs (24, 25) , and a role for sex steroids (e.g., estrogen, testosterone) in regulating neurogenesis is emerging (26) (27) (28) (29) . Although results are mixed (30, 31) , neurobehavioral studies in humans suggest that the prenatal period could be a window of BPA vulnerability (1) (2) (3) (4) 7) . Given that BPA is a known endocrine disruptor and that steroid hormones increasingly are being shown to play a role in cell differentiation, our objective here was to determine whether BPA-mediated behavioral phenotypes were the consequence Significance Here we demonstrate that bisphenol A (BPA) exposure during a time point analogous to the second trimester in humans has real and measurable effects on brain development and behavior. Furthermore, our study is the first, to our knowledge, to show that bisphenol S, a replacement used in BPA-free products, equally affects neurodevelopment. These findings suggest that BPA-free products are not necessarily safe and support a societal push to remove all structurally similar bisphenol analogues and other compounds with endocrine-disruptive activity from consumer goods. Our data here, combined with over a dozen physiological and behavioral human studies that begin to point to the prenatal period as a BPA window of vulnerability, suggest that pregnant mothers limit exposure to plastics and receipts.
of altered neurogenesis, a developmental process that occurs during the second trimester of gestation. Further, we also studied whether BPS, a common replacement for BPA, likewise causes precocious neurogenesis and concomitant hyperactive behaviors.
Results

BPA Exposure During Hypothalamic Neurogenesis Induces Hyperactivity.
First, we sought to recapitulate the human data using the neurodevelopmentally similar zebrafish as a model and asked whether acute BPA exposure during a time point analogous to gestation would cause behavioral changes in larvae. Specifically, zebrafish embryos were exposed to BPA just before (10-16 h post fertilization; hpf), at the onset of (16-24 hpf) , and at the peak of (24-36 hpf) hypothalamic neurogenesis. BPA was washed out after each restricted time point, and zebrafish were assayed at the larval stage, 5 d post fertilization (dpf), for changes in locomotor activity ( Fig.  1A ; see SI Materials and Methods for further dosing information). Low-dose BPA exposure at 0.1 μM just before neurogenesis (10-16 hpf) had no effect on locomotion but resulted in 2.8-and 2.9-fold increases in locomotor activity when exposure occurred during the early (16-24 hpf) and late (24-36 hpf) neurogenic periods, respectively ( Fig. 1 B and C) . Precedents in zebrafish demonstrate that this type of locomotor activity (i.e., hyperactivity burst) can be an indicator of anxiety-like behavior (32, 33) . We also found that chronic BPA exposure (across 0-5 dpf) resulted in an inverted U-shaped hyperactivity dose-response curve (Fig. S1A) , consistent with previous findings (32) . Given that physiological responses to endocrine disruptors are known to be biphasic (10) , with elevated responses at nanomolar concentrations, we next asked whether a lower dose of BPA also would cause hyperactive behavior. Additionally, because BPA is thought to act via ERs, we sought to determine whether ER inhibition alleviated BPA effects on hyperactivity. Indeed, the same BPA dose found in a local water body (Oldman River, Alberta, Canada) (34) (0.0068 μM, considered a very low dose) (Fig. 1D ) and a more moderate BPA dose (1 μM) (Fig. S1B ) caused hyperactivity that, unexpectedly, was not blocked by the broad ER ligand ICI 182,780 (hereafter, "ICI") ( Figs. 1D and 2C ). This failure to antagonize BPA effects indicated that BPA might not act via classic nuclear (i.e., ERα, ERβ) or membrane-bound (i.e., mER, GPR30) ERs. This same ICI dose was sufficient to antagonize ER activity, because it blocked vtg1 expression in gonad and liver tissues (Fig. S2) .
These data were puzzling, because BPA generally is considered to act via ERs. We therefore looked to other components of the estrogen synthesis pathway and asked whether aromatase B (AroB), the key enzyme for local estradiol synthesis, which is expressed in hypothalamic progenitor cells, mediates the effects of BPA. First, we relied on transient knockdown of AroB with targeted morpholinos (MOs) (Fig. S3 ) and observed a complete block of the BPA-mediated increase in locomotor activity at both very low (0.0068 μM) (Fig. 1E ) and moderate (1 μM) (Fig. S1C) BPA doses. Second, we used the selective aromatase inhibitor fadrozole (FAD) (1 μM) to determine whether AroB catalytic activity was required for BPA-mediated behavioral changes. Indeed, coexposure to very-low-dose BPA (0.0068 μM) + FAD (1 μM) ( Fig. 1F ) and moderate-dose BPA (1 μM) + FAD (1 μM) ( Fig. S1D ) during the hypothalamic neurogenic window (24-48 hpf) lowered BPA-induced hyperactivity nearly to control levels, suggesting that AroB enzymatic activity indeed is required.
BPA Causes Precocious Neurogenesis in the Hypothalamus. Next, we sought to test our hypothesis that these behavioral changes are the result of altered neurogenesis in the hypothalamus. Zebrafish hypothalamic progenitors undergo neuronal differentiation between 18-36 hpf (35) , and neural development is complete by 48 hpf. By 5 dpf, zebrafish emerge as prey-seeking larva. To assess quantitatively the timing of neuronal birth in embryonic zebrafish exposed from 0-5 dpf to very-low-dose (0.0068 μM) BPA or vehicle control, we performed birthdating experiments by pulse-labeling embryos with 5-ethynyl-2′-deoxyuridine (EdU) at specific time points before (9 and 12 hpf), during (24 and 36 hpf), and after (48 hpf) the neurogenic window ( Figs. 2A and 3 ). We then assessed 5-dpf zebrafish for the number of neurons born (i.e., that exited the cell cycle) at each time point of EdU exposure (which therefore retained high levels of the thymidine analog) and that also were colabeled with the early neuronal marker HuC/D (Fig. 3) . The number of newly born neurons in the hypothalamus of BPA-treated embryos increased significantly, to 180% relative to controls (set at 100%), at 24 hpf (Figs. 2B and 3 and Fig. S4A ) and decreased to 60% of control levels by 36 hpf (Figs. 2 and 3 and Fig. S4B ), consistent with the notion that precocious neurogenesis at 24 hpf exhausted a portion of the progenitor pool normally reserved for 36 hpf. In contrast, hypothalamic neurogenesis was not significantly altered at 9, 12, or 48 hpf-time points outside the window of neurogenesis (Fig.  2B) . Moreover, neuronal birth in several other embryonic brain regions was examined, including the thalamus, tectum, and hindbrain, and no significant changes in neurogenesis were detected; thalamic data are shown in Fig. 4 . In addition, a moderate (1 μM) BPA dose did not increase neurogenesis statistically in zebrafish pulsed with EdU at 24 hpf (Fig. S4A ) or decrease neurogenesis in zebrafish pulsed with EdU at 36 hpf (Fig. S4B) . Taken together these data suggest that the effect of BPA exposure is brain regionspecific and nonlinear, with nanomolar concentrations perhaps having greater potency in inducing neurogenesis than micromolar concentrations.
Given that BPA is widely considered to function as a weak estrogen agonist (23) [the BPA EC 50 is 10,000-fold lower than that of endogenous estrogen (36) ] and that estrogen has been shown to regulate neurogenesis (26, 28) , we examined whether the same low dose (0.0068 μM) of estrogen (17β-estradiol) likewise caused precocious hypothalamic neurogenesis. Strikingly, treatment with 0.0068 μM 17β-estradiol had no effect on hypothalamic neuronal birth at 24 hpf (Fig. 2D ) but significantly induced neurogenesis at 36 hpf (Fig. 2E) , perhaps unmasking an unappreciated temporal competence window in hypothalamic development for BPA-and 17β-estradiol-sensitive periods. Consistent with our behavioral data, coexposure with 0.0068 μM BPA + 1 μM ICI failed to reduce significantly the number of neurons born at 24 hpf (Fig. 2D) , suggesting that BPA functions in a nonestrogenic manner.
Mechanistic Evaluation of BPA-Induced Precocious Neurogenesis. To determine whether AroB also plays a role in BPA-mediated changes in hypothalamic neurogenesis, we coexposed developing embryos to very-low-dose (0.0068 μM) BPA + 1 μM FAD. Strikingly, coexposure to BPA + FAD significantly reduced the number of neurons born at 24 hpf, suggesting that BPA-induced precocious hypothalamic neurogenesis also is dependent on AroB ( Fig. 5 A and E) . Moreover, increased hypothalamic neurogenesis was attenuated in AroB morphants exposed to very-low-dose BPA (Fig. 5 B and E) . BPA has been shown previously to bind a wide range of other receptors, including ThRs, ARs, and estrogen-related receptors (ERRs) (23, 37) . To identify the receptor upstream of AroB activation, we exposed zebrafish to the following treatment paradigms: (i) BPA (0.0068 μM) and the AR antagonist flutamide (6.17 μM) (38); (ii) BPA (0.0068 μM) and the ThRα/ThRβ transcriptional repressor amiodarone (50 nM) (39); or (iii) the ERR GSK4716 agonist alone (0.1 μM; no broad antagonist is commercially available) (32) . Coexposure to BPA + flutamide significantly attenuated neurogenesis by 40% at 24 hpf, suggesting that AR activation is at least partially required to induce precocious neurogenesis (Fig. 5 B and E) . In contrast, cotreatment with BPA + amiodarone did not reduce significantly the number of neurons born, and, conversely, treatment with GSK4716 did not increase neurogenesis (Fig. 5B) .
Because BPA is commonly thought to act as an AR antagonist and not an AR agonist (23), we reasoned that if BPA indeed activates ARs either directly or indirectly, exposure to the endogenous AR agonist should phenocopy BPA-mediated precocious neurogenesis. Therefore we treated zebrafish embryos with dihydrotestosterone (DHT), a nonaromatizable androgen that is unable to be converted by AroB to estradiol and which binds AR with greater affinity than testosterone (40) . Zebrafish exposed to 1 μM DHT (41) displayed a significant increase in the number of early hypothalamic neurons born (160%), whereas cotreatment of embryos with DHT + flutamide (6.17 μM) significantly attenuated neuronal birth (Fig. 5C ). In addition, coexposure of DHT (1 μM) + ICI (1 μM) failed to block DHTmediated increased neurogenesis, further suggesting that verylow-dose BPA at this time point acts through ARs and not ERs to promote hypothalamic neurogenesis.
This unexpected finding led us to question how AR activation links to AroB catalytic activity. Evidence supporting AR-mediated regulation of AroB activity in the hypothalamus was shown previously using androgen-insensitive testicular feminized male rats (42) . Moreover, studies in rat and nonhuman primates show that androgen treatment up-regulates aromatase expression and catalytic activity within the nonhuman primate and rat hypothalamus (43) . In zebrafish, androgens have been shown to increase AroB (cyp19a1b) expression, although this up-regulation was attributed to the conversion of androgens to estrogenic metabolites, which in turn activate ERs that bind to AroB regulatory elements (41) . However, the AroB promoter does contain androgen response elements (AREs) (44) . Thus, to characterize the link between BPA-mediated precocious neurogenesis and ARs and AroB catalytic activity, we confirmed that AroB (cyp19a1b) expression was induced in larval zebrafish exposed to 0.0068 μM BPA (45) . In addition, we explored whether cotreatment with BPA (0.0068 μM) and the AR antagonist flutamide (6.17 μM) affected AroB (cyp19a1b) expression. Using quantitative reverse transcriptase PCR (qRT-PCR), we found that AroB (cyp19a1b) transcripts at 48 hpf were elevated in zebrafish treated from 8-48 hpf with both BPA (0.0068 μM) and DHT (1 μM) (Fig. 5D) . Significantly, coexposure to BPA + flutamide (6.17 μM) as well as DHT (1 μM) + flutamide (6.17 μM) reduced cyp19a1b expression when these compounds were administered across the neurogenic window (8-48 hpf), showing that BPA can induce transcription of AroB (cyp19a1b) via ARs specifically during this developmental period. Interestingly, coexposure of BPA (0.0068 μM) and ICI (1 μM) as well as DHT (1 μM) and ICI (1 μM) also significantly decreased AroB (cyp19a1b) transcript levels (Fig. 5D) . Thus, because antagonism of ERs had no effect on BPA-and DHTmediated precocious neurogenesis (Figs. 2D and 5C ), we propose that ER-driven AroB transcription is uncoupled from the neurogenic phenotype of BPA-exposed zebrafish. Combined, these data support the hypothesis that BPA might act via agonism of ARs to increase AroB transcription to drive precocious neurogenesis.
BPS Exposure Alters Brain Development and Behavior. Because of the societal push to rid consumer products of BPA, manufacturers have replaced BPA with structurally similar monomer compounds, particularly BPS (Fig. 6A) (19) . Because BPS also displays endocrine-disruptive activity (46), we examined whether BPS had effects similar to those of BPA on precocious hypothalamic neurogenesis and pursuant hyperactive behaviors. We Fig. 2 . Precocious neurogenesis in the hypothalamus following BPA exposure is independent of ER signaling. (A) Cartoon of the experimental design and sample neurogenic curves for BPA-exposed (blue) and control (black) groups. (B) Quantification of neurons born at each time point in BPA (0.0068 μM) relative to vehicle treatment (set to 100%). Neuronal birth was identified by EdU and α-HuC colabeling in BPA-treated and control coronal sections through the hypothalamus. Data are shown as mean ± SEM; *P < 0.05 (Student's t test); n = 3-11 fish per group. (C) Representation of ICI interaction with ERs. *ICI 182,780 is an antagonist to genomic ERs and membrane-bound ER (mER) but is an agonist toward GPR30. (D) Neuronal birth in 5-dpf zebrafish exposed to 0.0068 μM estradiol or 0.0068 μM BPA or coexposed to 0.0068 μM BPA + 1 μM ICI and pulsed with EdU at 24 hpf. (E) Neuronal birth in 5-dpf zebrafish exposed to 0.0068 μM 17β-Estradiol or 0.0068 μM BPA and pulsed with EdU at late neurogenesis (36 hpf). Data in D and E are shown as mean ± SEM; *P < 0.05, **P < 0.01, ****P < 0.0001 (ANOVA, Tukey's HSD); n = 3-11. exposed embryonic zebrafish to BPS at the same very low BPA dose used previously, 0.0068 μM. Strikingly, this BPS exposure resulted in a 240% increase in neuronal birth in the rostral hypothalamus at 24 hpf (Fig. 6B ) and a significant (160%) increase in the same locomotor bursting activity, which was reduced by transient knockdown of AroB (Fig. 6D) but not by treatment with 1 μM ICI (Fig. 6C) . Together, these data imply that both BPS and BPA influence hypothalamic development and may act through a similar AroB-mediated mechanism.
Discussion
Our study is the first, to our knowledge, to show that BPA/BPS can alter the normal developmental timing of this critical neuroendocrine center, the consequences of which can lead to early synaptogenesis and improper fine-tuning of the brain later in development. In addition, we are the first, to our knowledge, to link BPA to AR and AroB signaling during hypothalamic development. Finally, our study provides further evidence for the hypothesis that the prenatal period is indeed a window of vulnerability to BPA/BPS in humans and suggests that pregnant woman should be particularly mindful of their use of plastics and the handling of thermal receipt papers throughout gestation, especially during the second trimester.
Region-specific perturbations in neurogenesis have been linked to altered synaptic connectivity (47) , which can lead to downstream effects on proper pruning and manifest in behavioral deficits later in life. Exactly how the timing of neurogenesis becomes altered is an active area of research. For example, proliferating cells in the developing cortex, hippocampus, olfactory bulb, and hypothalamus all express ERs (48) and ARs (25, 49) , and a clear role for sex steroids (e.g., estrogen, testosterone) in regulating neurogenesis in vivo (26, 28) and in vitro (50, 51) is emerging, especially in the adult brain (27, 29, 52) . In embryonic and adult zebrafish, ERs and AroB are coexpressed in hypothalamic radial glia and are thought to control differentiation and migrational changes that occur in response to estrogen exposure (29, 53) . These findings have led to the notion that AroB-expressing radial glia are plastic and initiate adult neurogenesis in response to estrogenic challenges as a way to maintain homeostatic physiologies (52) . In the developing mammalian brain, AroB is broadly expressed in radial glia throughout the CNS and becomes restricted to only a small subset of neurogenic niches by adulthood, the most studied of which is the hippocampus (26, 43) . Indeed, blocking ERs halfway through the mouse neurogenic window (at embryonic day15) results in decreased proliferation in the developing neocortex (26) , illustrating the sex steroid sensitivity of progenitors in mammals. Within the adult zebrafish hypothalamus, antagonism of ERs also decreases cell proliferation (29) , demonstrating conserved roles of ER signaling among teleosts and mammalian progenitors. Interestingly, AroB inhibition in the adult zebrafish forebrain was shown to have no significant effect on progenitor cell proliferation or neuronal differentiation (29) , implying differences in progenitor biology in embryonic zebrafish versus adults. Furthermore, we propose that we have uncovered a temporal competency window for BPA effects on hypothalamic neurogenesis that is separate from estrogen signaling. This phenotype could be caused by changes in the expression of all three zebrafish ERs (ERα, ERβ1, and ERβ2), which increases dramatically between 24 and 48 hpf (53) . Given that the peak of BPA susceptibility occurs at 24 hpf, and we show a role for ARs in BPA-mediated precocious neurogenesis, it will be interesting to see whether AR expression increases earlier than ER expression in the developing hypothalamus. Considered together, the known influence of sex steroids on adult neurogenesis and the evolving role for these hormones in regulating neural development point to a need to understand fully how endocrinedisrupting chemicals can influence this process in utero.
Evidence for androgen pathway-mediated increases in AroB transcription is conflicting in both mammalian and lower vertebrates. For example, up-regulation of AroB transcripts following androgen treatment has been shown in mammals, ricefield eel, and in teleosts such as zebrafish and channel catfish; direct AR regulation of AroB has been demonstrated in ricefield eel, but in teleosts increased AroB expression is attributed to signaling by estrogenic metabolites and not to ARs directly (41, 43, (54) (55) (56) . In rodents (mice and rats), however, results of AR-mediated changes in AroB expression are mixed, with reports that androgens increase, decrease, or have no effect on AroB transcription (57) (58) (59) (60) . Interestingly, AREs have been identified in the promoter of AroB (cyp19a1b) in teleosts and humans, suggesting that AR may modulate AroB directly; however, AREs have not been identified in murine animals, perhaps suggesting that there is an indirect mechanism of AroB modulation in these species (43, 44) . Here, through the use of an AR antagonist, we show that AR pathway activation also can increase AroB expression in teleosts and starts to build a connection between BPA and AR activation, which then modulates AroB. Because BPA conventionally is thought to act as an AR antagonist, our finding that BPA indeed might activate AR was unexpected; however, in vitro studies previously have shown BPA agonism of AR at similar concentrations (1-10 nM) (23) . In mammals, hypothalamic AR and AroB transcript expression is higher in prenatal males than in prenatal females, and thus our results linking BPA and AR-mediated AroB up-regulation with altered brain development might provide insight into why certain neurodevelopmental etiologies are male-specific (60, 61) . Nevertheless, future studies are needed to determine the exact mechanism by which BPA modulates AR signaling and AroB up-regulation, leading to precocious neurogenesis.
In our model (Fig. S5) , BPA activation of ARs results in the upregulation of AroB transcription, presumably leading to increased estradiol production in the smooth endoplasmic reticulum and diffusion into the cytoplasm. The exact downstream targets of locally produced estradiol remain uncertain, because here we show that ERs, as likely targets of either BPA or locally produced estradiol, are not involved in BPA-mediated precocious neurogenesis. Alternatively, AroB also converts androstenedione to the estradiol intermediate estrone, which may play an unappreciated role in hypothalamic progenitors. Continued examination of the biological effects of local estrogen synthesis on hypothalamic neural progenitor cells may yield important insights into novel mechanisms of endocrine-disrupting chemicals.
Controversy regarding the true effects of low-dose BPA exposure on human health remains, probably reflecting the variability that accompanies different assays and model systems. Our study shows that low-dose BPA and BPS exposure has physiological effects. We purposefully chose the 0.0068-μM dose because this is the exact concentration of BPA measured in the Oldman River, a major Albertan waterway that serves as a life source to two major urban centers (34) . For comparison, waterborne exposure of 1 μM (12 μg/kg) BPA is comparable to the BPA concentration normally found in human placental tissue (12.7 μg/kg) (32, 62); thus the 0.0068-μM doses used herein are magnitudes lower than levels found in human placenta and 100-fold lower than circulating levels measured in fetal serum (0.0101 μM) (62). When determining tolerable daily intake levels, government organizations such as USEPA, Health Canada, and the EFSA rely on linear dose-response relationships and so begin compound testing at high doses, then lowering the dose to the level at which no physiological effect is observed. However, many endocrine-disrupting compounds follow alternative U-shaped dose-response curves, whereby exposure to midrange concentrations activates physiological defense mechanisms against the compound, but at low-range concentrations, the compound mimics endogenous hormones (10) . Thus, our finding that BPA at a very low dose (0.0068 μM) alters neurogenesis and that a moderate BPA (1 μM) dose did not affect neurogenesis significantly calls for change in government-sanctioned methods of assessing human tolerable daily intake levels.
Recently, manufacturers have turned to BPS with little proper toxicology testing to produce the "BPA-free" products (19) demanded by society. Indeed, there is a strong negative correlation between BPA and BPS levels in thermal receipts (20) , showing that BPS is the primary replacement for BPA. Because there are many structurally similar bisphenol analogs [e.g., BPB, BPE, BPF, BPS, and 4-cumylphenol] (63) that are potential candidates for manufacturing, and given our data herein, a societal push to remove all bisphenols from our consumer goods is justified.
Materials and Methods
For further information on materials and methods, see SI Materials and Methods.
Zebrafish Husbandry and Contaminant Preparation. All protocols and procedures were approved by the Health Science Animal Care Committee (protocol #M10079) at University of Calgary in compliance with the Guidelines of the Canadian Council of Animal Care. Wild-type zebrafish embryos were maintained at 28°C in embryo medium (E3) as described by Westerfield, et al. (64) . BPA (239658; Sigma), BPS (103039; Sigma), and 17β-estradiol (E8875; Sigma) contaminants as well as the pharmacological agents ICI 182,780 (I4409; Sigma), fadrozole (F3806; Sigma), flutamide (F9397; Sigma), GSK4716 (G6173; Sigma), and amiodarone (A8423; Sigma) were prepared in a 1:3 ratio of 0.002% (vol/vol) 1 M NaOH to 95% EtOH (vehicle) and were diluted to the final concentration in E3. DHT (D-073; Cerilliant) treatments and vehicle controls were prepared in 0.08% (vol/vol ) MeOH in E3. Zebrafish embryos were immersed in treatment within 3 hpf except where otherwise indicated. Chemical structures were designed using ChemBioDraw 13.0 (PerkinElmer) software.
MO Analyses. Mixtures of ATG and splice-blocking MOs (AroB-MOs) were engineered by Gene-Tools (Philomath) (5′-AGGCTTCCATCATCCCCAACTT-CAT-3′), (5′-CGAGCCTGAGAGGACAACAAAGACA-3′) and were injected (2.6-4.6 nL) at the one-cell stage.
Locomotor Behavior Assays. Larval zebrafish were maintained in 96-well plates immersed in respective treatments from 0-5 dpf, and the duration of hyperactivity bursts (33) was assayed by methods similar to those described by Saili, et al. (32) .
Neurogenesis Assessments. Contaminant-exposed embryos were pulsedlabeled with 0.01% (vol/vol) EdU (C10338; Molecular Probes) at 9, 12, 24, 36, and 48 hpf, corresponding to the window of neurogenesis. EdU was washed off after 30 min, and embryos were replaced in their respective treatments until they were killed at 5 dpf by overnight immersion in 4% paraformaldehyde (PFA) at 4°C. Processed slides were imaged, and EdU + /α-HuC + cells were counted by three independent persons to ensure accuracy. No differences in cell morphology or total number of cells were noted between treatments.
Sectioning and Immunohistochemistry. After overnight fixation, larvae were cryoprotected, embedded in optimum cutting temperature (OCT) compound (Clear Frozen Section Compound; CA95057-838; VWR Scientific), snap frozen, and kept at −80°C. Embedded larvae were cryosectioned coronally through the hypothalamus. After 20 min of antigen retrieval, slides were blocked in 5% normal goat serum (S1000; Vector Labs) for 1 h. Slides were incubated overnight with α-HuC (A21271; Molecular Probes) and then were incubated with Alexa Fluor 488 IgG (A11001; Molecular Probes) for 2 h. DAPI (D1308; Molecular Probes) was applied, and slides were treated with Click-iT EdU Kit (C10338; Molecular Probes).
Transcript Measurement Assays. qRT-PCR and PCR reactions were performed on treated larvae at 48 hpf following the protocol in Kurrasch, et al. (65) . Primer sequences are given in Table S1 .
Statistical Analyses. Assumptions of normality and equality of variance were met, and ANOVAs with Tukey's honestly significant difference (HSD) and Student's t test were performed where indicated using Prism 6 (GraphPad Software). qRT-PCR data were log transformed before analyses.
